We examined the ultrastructural localization of E (epithelial)-cadherin cell adhesion molecules by immunoperoxidase electron microscopy on the epithelium of mouse intestine, epidermis of human skin, and cultured human keratinocytes. The in vivo studies demonstrated that Ecadherin was present at the intermediate junction but not at the desmosome of the mouse intestinal single epithelium, and was found on the cytoplasmic membranes of keratinocytes with condensation in the intercellular space of the desmosomes, except for the basal surface of the basal cells. In vitro studies demonstrated that keratinocytes cultured in medium containing a low CaZ+ concentration (0.1 mM) lacked the tight connection through desmosomes, and that E-cadherin showed diffuse distribution and dot-like accumulation around the free surface of the cytoplasmic membrane. In
Introduction
Cadherins, a superfamily among the cell adhesion molecules, are transmembranous polypeptides that connect cell to cell (cell-cell) through the calcium ion (Ca2+)-dependent homophilic binding of the molecules (I-6), and are thought to play important roles in tissue morphogenesis, development, and neoplastic metastasis (1.7-11). For example, in the epidermis, E (epithelial)-and P (placental)-cadherins are expressed on the cytoplasmic membrane of keratinocytes. The former is distributed in the full thickness of the epidermis, but the latter only on the basal cells of the epidermis and the outermost cells of skin appendages. During fetal development, P-cadherin shows a spatiotemporal expression pattern in developing sweat ducts, suggesting that it plays a role in the segrega- * Presented in part at the Second Joint Meeting of the Japanese Society for Ultrastructural Cutaneous Biology and the Society for Cutaneous Ultrastructure Research, Nara, Japan, October 26, 1993. Correspondence to: Yuji Horiguchi, MD, Dept. of Dermatology, Faculty of Medicine, Kyoto U,, Sakyo-Ku, Kyoto 606, Japan. culture medium containing a high concentration of CaZ+ (0.6 mM), keratinocytes formed desmosomal adhesion SVUCtures in which Ecadherin was accumulated. The f e e surface of the keratinocytes in this medium showed weaker distribution and a lesser amount of dot-like accumulation of Ecadherin than that in a low Caz+ condition. These fmdings suggest that the distribution pattern of the E-cadherin cell adhesion molecules on the keratinocytes is Werent from that on the single epithelium of the intestine, and that Badherin on the cytoplasmic membrane of the keratinocytes shifts tion of basal cells and arrangement of epidermal cells into the eccrine sweat ducts (9).
Other cadherin cell adhesion molecules, such as desmocollins (12,13), desmoglein I (14,15), desmoglein I1 (16), and pemphigus vulgaris antigen (17), recently termed desmoglein 111 (18), are mainly localized in the desmosomes, which are adhesion junction structures between the keratinocytes. These molecules may participate in the actual binding of the keratinocytes and are thought to be involved in maintaining the mechanical strength of the epidermis under physiological conditions (19), because the activation of autoantibodies to those targets seems to damage the adhesive integrity of the keratinocytes, resulting in blister formation in the epidermis in autoimmune bullous dermatoses, such as pemphigus foliaceous (20-22), IgA pemphigus (23). and pemphigus vulgaris (17) .
In contrast to the ultrastructural localization of these desmosomal cadherins, that of Eand P-cadherins has not yet been demonstrated in the epidermis. In the intestinal epithelium, uvomorulin, identical to E-cadherin, is localized at the intermediate junction but not at the desmosomes (24). In mouse corneal epithelium, E-cadherin was detected next to the desmosomes and gap junctions (25). The adherens junction, a cell biologically determined junctional apparatus between keratinocytes in the culture system, is thought to involve E-and P-cadherin molecules connected to actin filaments ( 2 6 ) with interpositional molecules such as vinculin. Recently, this kind of cell adhesion structure was morphologically determined in the keratinocytes in vivo (27) . Investigation of the characteristics and dynamics of cell-cell adhesion between the epidermal keratinocytes requires determination of whether only the adherens junction is preserved for E-and P-cadherins in the epidermis or whether they are also integrated in the desmosomes. In this study, the ultrastructural localization of E-cadherin in the keratinocytes was examined by immunoelectron microscopy in vivo and in vitro and compared with its localization in the intestinal epithelium and the localization of vinculin in skin appendages.
Materials and Methods
In Vivo Studies. Pieces of normal human skin obtained at surgery were fixed in periodate-lysine-paraformaldehyde (PLP) solution at 4°C and embedded in optimal cutting temperature (OCT) compound Tissue-Tek I1 (Miles Laboratories; Naperville, IL) for immunoperoxidase staining. Cryosections (6 pm) from OCT-embedded samples were allowed to react with mouse monoclonal antibodies (MAbs) to human E-cadherin (HECD-1) (10). 1000 times diluted (a kind gift from Dr. M. Takeichi. Department of Biophysics, Faculty of Science, Kyoto University) overnight at 4'C. The sections were next incubated with biotinylated anti-mouse IgG (300 times diluted) (Vector Laboratories; Burlingame. CA) and then with soluble avidin-biotin-peroxidase complex (Vectastain kit; Vector Laboratories) for 2 hr at room temperature for each step. After fixation with 1% glutaraldehyde solution, the sections were serially treated with diaminobenzidine (DAB) and a mixture of DAB and 0.005% H202. The sections were then post-fixed with 1% 0~0 4 , dehydrated with a graded alcohol series, and embedded in Spurr's resin. Ultra-thin sections were counterstained with Reynold's lead citrate and then examined by electron microscopy as previously described (28) .
For reference studies, the localization of E-cadherin in the mouse intestinal epithelium and that ofvinculin in the outer root sheath of the human hair follicle was examined using anti-mouse E-cadherin (ECCD-2. 10 times diluted) (Takara Biomedicals; Tokyo. Japan) and anti-human platelet vinculin (V284. 10 times diluted) (Serotec; Kidlington. UK) MAbs. respectively. Control staining studies were performed using an anti-trinitrophenyl residue MAb (29) in place of the first MAbs.
In Vitro Studies. Normal human foreskin keratinocytes were cultured in KGM (Kurabou; Tokyo, Japan) supplemented with 0.03. 0.1 or 0.6 mM Ca2*. The pre-confluent cultured kerarinocyte sheets (the fourth passage. overnight) in the Lab-Tek chamber slide were rinsed with PBS supplemented with Ca2' at the same concentration as that in the culture medium and fixed with PLP solution. The keratinocyte sheets were then stained with HECD-1 using immunofluorexence and immunoperoxidase methods. Resinembedded, immunoperoxidase-stained cultured keratinocyte sheets for electron microscopy were detached from the glass slides, and each resin block was cut into [WO parts. One was sectioned horizontally. and the other was re-embedded and sectioned vertically.
In Vivo Studies
In the peroxidase-stained mouse intestinal epithelium, E-cadherin was detected in the intermediate junction but not at the desmosomes. The reaction products were found in the intercellular space and along the cytoplasmic membrane of the intermediate junction. Desmosomes, distinguishable from the intermediate junction by the location and the amount of attached filaments, showed no reaction (Figures 1A and 1B) . In ..
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?.;-munoperoxidase electron microscopy of cryosections of unfixed hair follicles showed that vinculin was expressed at the attachment plaque of desmosomes of the inner layers of the outer root sheath. The desmosomes between keratinized inner root sheath cells and the innermost outer root sheath cells did not express vinculin (Figure 2) .
In Vitro Stzla'ies
In immunofluorescence studies, the keratinocyte sheet cultured in the medium with 0.03 mM Ca2+ showed no cell-cell interaction and only weak expression of E-cadherin in the cytoplasm. The keratinocytes cultured in 0.1 mM Ca2+-containing medium exhibited partial cell-cell interaction where bands of E-cadherin immunofluorescence were noted as well as cytoplasmic staining. Those cultured in medium containing 0.6 mM Ca2+ showed a meshwork pattern of intercellular fluorescence of E-cadherin (Figure 3 ). By immunoperoxidase electron microscopy of horizontally sectioned keratinocytes cultured in the medium containing 0.1 mM Ca2+, tangentially sectioned parts of cytoplasmic membrane in the 70-80nm-thick ultra-thin sections contained E-cadherin reaction products on the cytoplasmic membrane, as well as spinous cytoplasmic projections, some of which showed point interaction between the adjacent cells. The cytoplasmic membrane of keratinocytes also contained uniformly distributed dot-like aggregates of E-cadherin, which accumulated at the point interaction of the keratinocytes (Figures 4 and 5 ) . In vertical sections, a diffuse distribution and dot-like aggregation of the reaction products were observed over the cytoplasmic membrane, including the free surface facing the medium, but not along the basal surface facing the culture dish plate ( Figure 6 ). In both horizontal and vertical sections, gap junction-like adhesion structures were noted, but they lacked reaction products. In the horizontally sectioned keratinocytes cultured in the medium containing 0.6 mM Ca2+, the keratinocytes adhered to each other through well-formed desmosomes where the reaction products of E-cadherin were accumulated. The free surface of the tangentially sectioned parts of the cytoplasmic membrane showed weaker reaction and less aggregation of E-cadherin ( Figure  7) . In vertical sections of the keratinocytes cultured in 0.6 mM Ca2+, E-cadherin was expressed in the intercellular space of desmosomes ( Figure 8 ). atinocytes but not at the dermal surface of the basal cells. Reaction products were densely distributed in the intercellular space of the desmosomes. All of the desmosomal structures contained reaction product ( Figures IC and ID) . In our immunofluorescence study of human skin, vinculin was strongly expressed at the inner layers of the outer root sheath of the hair follicle (data not shown). Im-
Discussion
Whether E-and Fcadherins, connected to the actin filaments in association with a-actinin, catenins, and vinculin (19.30-32). are ultrastructurally localized in desmosomes in the epidermal keratinocytes in vivo has not been reported. In contrast to keratin intermediate filaments, actin-containing microfilaments are not easily determined in the epidermal keratinocytes by routine electron microscopy. No junctional structures were detected between the keratinocytes in vivo other than desmosomes and gap junctions until recently demonstrated by Kaiser et al. (27) . who showed adherens junction in the epidermis by routine electron microscopy, and gridlike distribution of vinculin in the mucosal epithelium by immunofluorescence. However, these authors did not provide evidence that vinculin is exclusively localized to the adherens junction, nor did they perform a quantitative analysis of the adherens junction in the epidermis.
In our ultrastructural study of normal human skin using an anti-E-cadherin MAb, E-cadherin was expressed all around the cell surface of the keratinocytes except the basal surface of the basal cells, showing strong staining in the intercellular space of the desmosomes. The specificity of the MAb employed was checked by Western blot analysis (lo), and it shows no crossreactivity to any other known desmosomal cadherins. This staining pattern of the epidermis was quite different from that of the mouse intestinal epithelium, where the intermediate junction was exclusively stained. Therefore, we compared the ultrastructural localization of E-cadherin to that of vinculin in the epidermis. Our immunofluorescence studies showed that vinculin was expressed at the intercellular area of the skin appendage epithelium. By immunoperoxidase electron microscopy, vinculin was detected at the desmosomal attachment plaques of the inner layers of the outer root sheath of the hair follicles. Specific junctional structures were detected for neither cadherin nor vinculin localization, and these molecules were located on desmosomes. Considering that E-cadherin is expressed not only in the epidermis but also in the skin appendage epithelium, including the outer root sheath of hair follicles (9). E-cadherin and vinculin coexist at the desmosome, at least in the outer root sheath. Similarly to other desmosomal cadherin-keratin axes, the E-cadherinvinculin-actin-containing microfilament axis seemed to be located also in the desmosomes of this region. In contrast to the desmosome of the intestinal epithelium, where three types of junctional structures (tight junction, intermediate junction, and desmosome) make a junctional complex, the desmosome of the epidermal keratinocytes is quite a different junctional structure.
Keratinocytes cultured in the medium with 0.1 mM Ca2' formed cell-cell interaction through a spinous cytoplasmic projection without desmosomes. E-cadherin was expressed all around the cell surface, and a tangentially sectioned surface showed a dot-like distribution of accumulated reaction products, indicating the diffuse distribution and tiny aggregation of E-cadherin molecules. Keratinocytes cultured in medium containing 0.6 mM CaZ' formed tight adhesions with each other through well-formed desmosomes, where an intense reaction of E-cadherin was detected. On the free surface of the keratinocytes the E-cadherin distribution was sparse. Desmosomes seen in the keratinocytes in vitro were associated with attachment plaques and were indistinguishable from those in vivo, but were clearly distinguishable from the intermediate junction (27) . These findings observed in both horizontal and vertical sections by immunoperoxidase electron microscopy suggest that E-cadherin molecules are diffusely and uniformly distributed on the cell surface of keratinocytes under low CaZ+ conditions and shift to aggregate in association with desmosome formation when the Ca2+ concentration in the medium is increased.
Our in vivo and in vitro findings indicate that E-cadherin molecules, diffusely distributed on the cytoplasmic membrane of the keratinocytes under nonphysiological conditions, shift to form desmosomes under physiological conditions, and that E-cadherin was involved in the desmosomes in epidermal keratinocytes, possibly playing a role in adhesion function in association with other desmosomal cadherins. Functional differences between E-cadherin and other desmosomal cadherins should be further examined. . . , 
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